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Customer demands for high-quality, defect-free injection-molded products are
ever increasing. In order to satisfy these quality requirements, much effort is spent
monitoring and controlling variable data such as cycle time, part weight, and
dimensions. Attribute defects such as sink or splay are often overlooked in the
development of process control systems.

However, customers reject products

because of these attribute defects. Industrial control systems based upon process
variables and product design variables can detect conditions that may result in the
molding of products with attribute defects. The systems can then correct the process
prior to the molding of these defective products.
This research included process experimentation and the construction of a
measurement system to facilitate the collection of data. The data were analyzed and a ·
model was regressed to predict attribute defects in injection-molded parts based upon
process and product characteristics. The primary goal of the research was to develop
a statistically derived model of the sink phenomenon that can be applied to process
control.
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CHAPTER 1

· INTRODUCTION
Injection Molding
The plastics industry has managed impressive growth during the last 30
years. Global growth in plastic molding and forming operations has increase at a
greater rate than both steel and aluminum. Injection molding companies have been
instrumental in this growth, as approximately 35% of plastic products are
manufactured by injection molding. During this period of growth, injection-molding
industry has become highly competitive. Successful companies must constantly work
to improve themselves to become more efficient.
The injection molding process encompasses the stages of (1) melting a
polymer compound (plastic), (2) injecting this compound under pressure into a closed
mold, and (3) the cooling and ejection of the molded product. At each stage during
this process a variety of process variables are manipulated in order to control the
properties of the plastic and the end product. Tooling, and process settings are critical
to the condition of the product. Injection molded products may come out of the mold
completely finished, or secondary operations such as painting, printing or assembly
may be necessary.

The process requires the operator to manipulate the melt

temperature of the plastic, the injection speed or pressure, the hold pressure and
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cooling time along with other process v�riables in order to assure an acceptable
product.
Plastics as a Material
Plastics are a group of compound materials that have a resin as their base.
Polymeric chains (polymers) are the basic component of these resins. The molecular
composition of these polymers determines the shape of the chain. It is the structure
and composition of the chain that influences the physical and chemical characteristics
of the resin.
One method of categorizing a polymer is base upon the structures the polymer
chains form when cooling. In a fluid or melted state, polymers form structures
without any apparent order. These structures are referred to as being amorphous; In
the solid state, polymer chains that retain this unordered structure are called
amorphous resins. These resins are often characterized by their transparent nature.
Polymers that form ordered structures as they solidify are referred to as semi

crystalline. The-se semi-crystalline structures allow the polymer chains to nest more
closely together than the chains in an amorphous resin. During solidification, the
formation of crystalline structures in the polymer causes the material to shrink as it
cools. In general, semi-crystalline materials, with their closely nested polymeric
structures, will shrink more than amorphous materials.
To improve the characteristics of a resin, various additives, such as colorants,
stabilizers and reinforcements are added to the resin. These additives are targeted at
specific properties of the resin. For example, the amount of shrink exhibited by a
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polymer can be reduced by the addition of materials that do not shrinkage as the resin
solidifies.
In addition to the material properties, processing conditions affect the
characteristics of a resin. Defects often arise from the amount of shrinkage a plastic
exhibits. Uncompensated shrinkage causes appearance and dimensional defects in
injection-molded products.
Attribute Defect - Sink Marks
As with most manufactured products, injection molded components are
required to meet both dimensional and attribute quality measures. While dimensional.
measurements are fairly easily characterized and sampled, attribute data can be
difficult to classify and objectify. Chief among the attributes of injection-molded
components are sink marks. Sink marks are caused when shrinkage of the cooling
material causes the plastic to form a dimple in the surface of the product. These
dimples often form in areas where the part thickness varies. The more material
concentrated in one area of the part, the more shrinkage can occur and the more
readily sink marks can form. While these dimples can be very small imperfections in
the surface, their appearance can be detrimental to an appearance product, and are
generally not acceptable to a customer.
In modem injection molding practice, the plastic is melted by the combined
effects of heat and shear forces. The heat is introduced in to the plastic through the
barrel of the injection-molding machine (Figure 1 ). The rotation of the screw forces
the plastic down the length of the barrel, from the feed throat to the sprue nozzle
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The melt temperature, packing pressure, and pack time are the process
variables most closely associated with the formation of sink marls in a part. During
the process of injection .molding, these variables are set to particular values for the
given mold being processed. Some variables cannot be directly controlled, but are
dependent upon other settings in the process. The process engineer generally cannot
directly control the actual melt temperature. Most machines allow for the setting of
temperatures along the barrel of the injection unit.

Therefore melt temperature

becomes a function of theses temperature settings, the residence time of the material
in the barrel, the accuracy of the temperature control circuits as well as the effects of
shear heating.
Process Control
In order to assure consistency in products, processes may be monitored and
controlled by operators. However, these activities are more effectively accomplished
by mechanical or computer control systems. All industrial processes require the
These controls are generally

incorporation of some type of process control.

categorized as human or machine controls: For example, a woodworker controls the
.

.

,.

shape of a carving by manipulating a tool, or a computer controlled milling machine
has sensors, logic controllers and motors to manipulate cutting tools.
.

.

Human controls generally require training and skill on the part of the operator.
In turn, the quality of the parts produced by the operator is dependent upon the quality
of training and the level of skill that he or she has acquired. Machine controls, on the
other hand, are design and programmed from a collective understanding of the
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process. As processes become more complex and decision must be made more
quickly and frequently, machine controls can more consistently make the correct
decisions required to keep the process running. While these systems are effective in
controlling industrial processes, additional consideration must be given in order to
assure product quality.
Industrialists have always been concerned with product quality.

No

manufacturer wishes to ship product that will not be acceptable to (i.e. purchased by)
his or her customer. Historically, the attempt to control the quality of products has
been limited to the training of employees (to develop a more skilled workforce) and
the development of rigorous inspection and tracking systems (to catch defects before
shipping). These efforts, however, can at best capture a defective part only after it has
been produced. These quality control methods do nothing to reduce the time, effort
and materials wasted in the creation of the defective products.
To improve upon the previously discussed machine controls, additional
methodologies have been developed to monitor and adjust processes based on the
concept of preventing defects before they occur. These methods are based upon the
predictive nature of regression models derived by statistical analyses. Statistical
Process Control (SPC) should not be confused with traditional process control
methods that are dependent upon the machine and are indeed machine controls.
However they can be implemented into machine controls to assure the quality of the
parts produced.
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Starting in the 1930's, a new way of looking at defect management was
developed.

Instead of simply hoping workers would produce no bad parts and

inspecting for defects and sorting out the bad parts, it was suggested that methods be
developed to assure that no defective product were produced in the first place. These
new methodologies of quality assurance slowly began to displace the prior quality
control practices. While manufacturers were slow to adapt these methods, those that
did found that by incorporating the right quality assurance tools into their existing
production practices, they could predict when defective product were ABOUT TO BE
produced, rather than just discovering that bad part HAD BEEN produced.
The success of quality assurance methods relies in no small part on the use of
statistics; hence the application of these practices is often referred· to as SPC. As in
the practice of machine controls, there are many tools used to predict and track
product quality. Among these tools are sampling techniques, regression techniques,
capability analyses, and control charts.
A manufacturer can continually monitor and measure a product, but this
requires an investment of time and effort. To make the monitoring of a process less
costly, samples of a product are used, rather than the entire production batch. But
care must be taken to ensure that the samples are representative of the entire
production, and not biased to time, machine, material or operator.

Sampling

techniques have been developed to assure that the product samples taken from a
process are representative of product population resulting from the process.
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Regression techniques use statistical methodologies to develop equations that
express the behavior of a system based upon the observed historical performance of
the system. • Selected inputs to the system (factors or independent variables) are
monitored and associated with the quality measure (the dependent variable). The
' resulting data set is generally developed through experimental production runs.
Statistical analyses are performed to determine the significance of each predicting
factor. Regression methods are then applied to the data, resulting in a predictive
model of process behavior. The equations in the model may be linear or non-linear.
Selection of the correct process inputs to monitor is critical to the appropriateness of
the regression model; certain input conditions may be more critical to the output than
others..
Capability analyses allow the engineer to determine the ability of a machine or
process to produce acceptable work.

Representative parts are taken from the

production line and the quality measure is sampled on each part.

Using the

acceptance tolerances for the measure, the ratio between the acceptable range and the
process range is developed. This is a simple evaluation assuming the process is
producing parts with the quality measure having a mean that is centered at the design
specification mean.

In this case, the ratio is referred to as Cp. An adjustment is

made by calculating a correction factor (k) if the means are not centered. The
corrected process capability (Cpk) is then calculated.
Control charts are used to track the process as it is running. An attribute of the
product is selected for monitoring, referred to here as the quality measure. Selection

of the proper quality measure is essential to the success of the quality tracking.
Multiple quantitative measurements are made of attribute at one sampling period.
The mean and the range of the measurements are plotted on two separate graphs.
Control limits are calculated for both mean and range based upon the tolerances of the
monitored attribute. By evaluating the shape of the graph, such as levels and trends, it
can be determined when the process is in danger of producing unacceptable product.
Research Objective
This research . sought to develop a methodology of experimentation and
analysis to allow for the construction of a model of the behavior of sink mark depth in
injection-molded products. The model was to be constructed in such a manner as to
be applicable in machine process control systems. Hence, the model was to be base
upon process variables.

Further, these predictor variables were to be easily

measurable and commonly sampled in current industrial practice.
Perhaps more importantly, the research was to develop a methodology that
could be further expanded in a larger study. The study detailed within this paper was
a limited initial study on the feasibility of modeling and controlling of sink mark
depth based upon machine-controlled variables.

CHAPTER2

LITERATURE REVIEW
Overview
In order to begin the research in modeling the behavior of sink mark depth for
process control, a review of previously published research was conducted. This
review was designed to establish which design and process factors had been
previously investigated. Further, it was intended that this review would establish
which of these factors were found . to have significant effects on sink mark depth.
Potential methods of sink mark measurement were also investigated. . Also included
in the scope of the review was an investigation of previous work involving the
prediction of sink mark depth, including the mathematical or statistical methods used.
SinkMarks
Sink marks are a special class of attribute defect associated with molding
processes. These defects are generally associated with ribs, bosses, or thickened
sections of a molded part where there is a localized thickening· of the part. Sink marks
are described as a "Depression or dimple on the surface of a molded part caused· by
the localized shrinkage of the plastic· underneath the mark" (Olmsted and Davis,
2001). Customers are, generally not willing to accept products with observable sink
marks and producers have struggled to reduce the appearance of these defects.
11
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Marchweka (1974) suggested maximum fillet radii of 0.015 inches
(0.381mm). However, Rosato et al. (1995) suggested large radii with a range of 0.025
to 0.045 inches (0.635 to 1.143mm). While research has shown that radii should be
kept as small as possible to keep sink mark depth as shallow as possible, it has been
suggested that radii can help to distribute the visual effect of a sink mark across a
wider area of the surface of a part (Rosato et al.).
Rib/wall ratios and fillet radii affect the geometry of the base of the rib and the
size of the latent heat reservoir at the base of the rib. Hence they affect the shrinkage
characteristics in the area adjacent to the base of the rib. Other design factors affect
the ability to properly pack out the areas prone to the formation of sink marks.
As molten plastic flows further from a gate, the material requires increasing
injection pressure in order to keep the leading edge of the melt moving. This results
in a decrease in the localized pressure in the melt, and a pressure gradient along the
flow length. The further from the gate, the less pressure in the plastic melt. Hence,
ribs positioned farther from the gate are more difficult to pack out than those located
nearer the gate.
In addition to the rib/wall ratio, Marchweka (1974) also tied the flow distance
into these guidelines. If the rib was further than four inches from the gate, the
rib/wall ratio was to be 2:5 (40%). Others have also studied the effects of gate
proximity on the depth of sink marks, and have suggested that gates be _located close
to sink marks (Moldflow, 2003; Tursi and Bistany, 2000).
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If gates cannot be located near ribs, it has been suggested that the wall of a
part should be thickened to ensure the proper packing of the base of a rib. In these
situations, the frozen layers would require more time to completely freeze through the
part. This would allow the material in a part to flow for a longer period of time, and
allow more material to be introduced to the part to compensate for material shrink
(Rosato et al., 1995). However, other solutions are often sought as the thickening of
the wall results in higher material consumption and higher part weight.
Material Factors
As discussed above, sink mark formation is the result of material shrinkage.
Therefore sink mark depth will be affected by any changes in the shrink properties of
a plastic material used in a product. While volumetric shrink rates are true indicators
of polymer behavior, industry has traditionally used linear shrink rate for
characterization of polymers. As an indication of the range of shrink behavior in
plastics, linear shrink rates vary from 0.0005 mm/mm to 0.100 mm/mm
(MatWeb.com, 2004). Volumetric shrink rate vary accordingly. Hence, changing the
plastic material may result in different responses of in areas of products prone to the
formation of sink marks.
Research has. shown that the molecular structure of plastic material used in
. molding affects the appearance of sink marks. Crystalline and amorphous resins have
been shown to produce different sink mark responses, semi-crystalline polymers
exhibiting greater net shrink than amorphous polymers (Tursi et al., 2000). Further,
this same research showed that the material selection changes the manner in which
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other design and process factors affect sink mark formation. Most sink researchers
have used various Acrylonitrile-Butadiene-Styrene (ABS) resins (Shi and Gupta,
1998), beginning with Marchwea's work in 1974.
Process Factors
It is generally held that sink marks are the result of poor part or tool design
(Olmsted et al., 2001). However, certain process variables can be used to minimize
the appearance of sink marks (Nakayama, Kodama and Motoichi, 1983). Nakayama
et al. further found that material melt temperature, tool temperature, pack pressure,
pack and hold time, cooling time, and cavity pressure were all typical· factors
investigated in most published research on sink mark causes.
· Most researchers found that pack pressure was the most significant contributor
to sink mark depth (Liou et al., 1990; Nakayama et al., 1983; Ye and Leopold, 2000).
It was shown that pack pressure had a direct effect on the pressure in the cavity during
the packing stage of the injection molding cycle. As the material cools and shrinks
the packing pressure allows more material to be forced into the cavity.
Interaction effects between design features and process variable are important
as well. It has been proven that crossed ribs (Figure 6) require 50% more pressure
than straight ribs to maintain a similar amount of sink mark depth (Ishii, Beiter and
Hornberger, 1992). Research also agreed that thicker ribs require more pressure than
thin ribs (Nakayama et al., 1983).
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solidify had no effect on sink mark depth. Thus, the pack time required for a
particular mold can be determined by this "gate freeze" time (Ye et al., 2000).
As discussed above, sink mark formation is dependent upon the amount of
· time required to solidify a part. If a part requires more time to cool, sink mark depth
may be affected.

The temperature of the melted
polymer, referred to as melt
'

temperature, was found to be the second strongest contributor to sink mark formation
and was closely tied to packing pressure (Ye et al., 2000).
I

•

The melt temperature determines the time required to solidify a molded
product given a particular mold · temperature. Mold temperature itself has been
investigated as a factor in sink mark formation and it has been found that positioning
water lines near thicker sections of the part can help reduce the · appearance of sink
marks (Malloy, 1994). Placing additional cooling near these sections of the tool with
more heat reduces mold surface temperatures and results in the rapid formation of
thick frozen layers. While it is possible that these thick layers may reduce sink mark
depth by resisting the shrink forces in the material, it was found that melt temperature
has a stronger effect than the temperature of the tool itself (Malloy).
The time allowed for a part to cool in the mold also effects sink mark depth.
This factor is related to the complete solidification of the part walls. If the part was
removed too soon, more material shrinkage could occur and deeper sink marks can be
formed.

However, research has shown that this 1s a weaker factor than melt

temperature (Ye et al., 2000; Tursi et al.,2000).
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Prediction of Sink Marks
In recent years, many researchers have attempted to use neural networks to
model the .behavior of the injection molding process in terms of the appearance of
product defects. Neural networks require training by examples rather than traditional
programming methods.

While this can reduce the experimentation required to

develop numerical models, the training itself can be a time consuming process.
The prediction of the general quality of a product has. been pursued through
the modeling of part weight (Moller and Rowe, 1998).

Changes in the hydraulic

pressure required during the molding cycle were used as the. input to the network.
Modifying the viscosity of a material during molding process was used to validate the
network. The molding of thirty-six parts was used to train the network. The network
was shown to be incapable of modeling behavior outside of the range experienced
during training. Stated differently, no extrapolation of the modeled behavior was
valid.
Neural networks have been applied to the particular quality characteristic of
weld lines (Soltani and Manoochehri, 2000). The goal of the research was to reduce
the computational time required to predict weld line formation. After training,
networks execute faster than numerical models. Hence, the neural network could
substitute for traditional flow analysis. In this experiment, the network was trained
using the results of mold filling simulation, thus this example still made use of
established numerical modeling methods.
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Numerical methods are used to simulate mold filling (Austin, 1991). Part
shrinkage and warp have been successfully predicted by these methods (Jin and Zhao,
1998).

Various commercial software packages are available which use numerical

methods to predict many part characteristics based upon part, mold and process
design (Moldflow, 2003). These packages can be used to predict the appearance of
sink marks in molded products. By predicting the possible location of sink mark
formation, steps can be taken during the part and mold· design process to reduce the
effects of material shrinkage. In addition to predicting the consequences of design
changes, process changes can be investigated (Ni, 2000). However, none of these
methods currently ties in to the actual molding machine. Hence process control is not
included in these design methods.
Shi and Gupta (1998, 1999, 2000) have used the commercially available C
. Mold® flow simulation package in conjunction with a finite element analysis (FEA)
package to build numerical models of shrink behavior. These models begin with a
filling analysis performed by C-Mold® plastic flow analysis software. The results of
the analysis, particularly the temperatures and cavity pressures, along with mold
cavity geometry and mold cooling system design are then entered in to Abaqus® FEA
software. A shrinkage analysis is then performed by the FEA software. Elements in
the results of the FEA model can be examined to determine the predicted depth of the
sink mark. While these results did not always predict the correct depth of the sink
mark, the trend in the simulation did follow the trends observed during
experimentation (Shi et al., 1998).
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Shi et al. have followed on this research with investigations in cross-rib
geometries (Shi et al., 2000). In this simulation, the procedures above were used,
however sink mark depths were under-predicted. This was potentially attributed to an
interaction effect between the compressibility of the resin and the force required to
properly pack cross-rib geometry.
Shi et al. (2000) have also developed empirical equations from the data
derived from the C-Mold® and Abaqus® procedures. Their equations are based upon
the simple relationship of:

D=A•B

(Eq. 1)

Where:
D = the largest diameter in the rib/wall junction
A = the effect of thermal mass and
B = the effect of packing pressure
This simple equation is further developed with the implementations of the
work performed by Beiter (1991) who developed through a series of experimental
studies the geometric sink index which is expressed as:

G=DIT

(Eq. 2)

Where:
G = Geometric Sink Index
D = the largest diameter in the rib/wall junction
T = the thickness of the plastic
Note: a plate with no rib would have a G value equal to one.
Based upon the simulation data, Shi et al. .(2000) further developed a model by
deriving three model parameters from least square fits of the simulation data. The
parameters were classified by wall thickness; different values are used depending
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upon the wall thickness of the part being analyzed. The model used both linear and
hyperbolic terms.
In addition, a four-parameter equation was developed and was found to predict
sink mark depth more accurately than the three-parameter version. The additional
constant caused the equation to result in a non-zero sink mark depth when there was
no rib (Gn = 0). Thus the three-parameter equation was found to be more practical.
All models developed in the reviewed literature were based upon simulation
. data. The models were validated against previously collected experimentation data
sets.
Measurement Methods
Researchers have used a variety of measuring instruments to determine the
depth as well as the profile of the sink mark. Most of the research cited in this review
used stylus-type surface profile instruments, commonly referred to as profilometers,
surftesters, surfanalyzers, etc.

However, additional literature was reviewed to

determine if there existed more viable methods of measurement.
Coordinate measuring machines (CMMs) measure positions in space along
three axes, or within a spherical region.

They have been referred to as "three

dimensional height gages". One researcher used a CMM to measure part profiles
(Horton, 1999).

The profile was determined by moving the arm in increments of

0.20mm across the surface of a part and recording the position of the stylus (Figure
7).

Problems encountered with this method included part holding issues and

inconsistent measurement intervals due to various operator errors.
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Figure 7. Graph of CMM data showing five sink mark profiles (Horton, 1999).

Interference microscopes use a non-contacting optical measurement technique.
These devices belong to a family of measuring instruments that use the interference
between two reflected beams of light to measure surface profiles. Interferometers
have a vertical resolution of less than one nm and are susceptible to vibrations and air
currents (Vorburger, 2004).

Previous research has shown that sink mark depth

measurements are generally within the range of hundredths of millimeters. Thus, it
seemed unlikely that such a high precision device would be useful to measure this
phenomenon. Further, sink marks could be 12mm or larger and it was also found that
the lateral area measured by a single scan of the interferometer in the Tribology
Laboratory at Western 1 Michigan University was approximately 6mm2 • Thus, a single
scan could not capture the entire sink mark.

Stylus type surface measurement devices have been used for decades to
measure surface texture. The stylus drives a linear variable differential transducer
(LVDT) from which an electrical current is scaled into a dimensional measurement.
In order to assure uniform sampling distances, the stylus is dragged across the surface
I

by a motorized drive. These devices can measure vertical resolution just below 1 µm.
The lateral resolution of the measurement is dependent upon the radius of the stylus
tip. Tips are available as small as lµm (Vorburger, 2004).
Surface texture is the result of two characteristics, roughness and waviness.
Roughness is a low amplitude high frequency variation in the surface height of an
object. Waviness has a lower frequency. With the appropriate software, the effects of
roughness and waviness can be separated from measured data (Song and Vorburger,
2003). Software uses high or low band pass filters to remove the effects of waviness
or roughness, respectively. · Below, Figure 8 is a profile of a sink mark with the
measurement data processed to show predominately the effects of surface waviness.
Figure 9 below shows the same data processed to show primarily the effects of
surface roughness. Note that while the original data is the same for each graph, the
processed data shows different depths. This is the result of the roughness filter
removing the high amplitude effects of the waviness in the data.
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Summary
The review illustrates that much work has been done to establish the
significant contributors, in both design and process, to the development of sink marks.
The design factor of the rib/wall ratio has been successfully used to predict sink
behavior.

The process variables packing pressure, melt temperature and tool

temperature have been shown to be good predictors of sink mark depth.
Research has also been conducted into the development of numerical methods
of predicting sink mark depth. Numerical approaches to modeling sink mark depth
have been successful at predicting sink mark appearance and depth. While neural
network can predict quality defects, they require training for each situation they are
applied to and are not necessarily applicable in general-purpose situations.
There exist multiple practical methods for sink mark measurement. CMMs
have been successfully used to measure sink mark profile. However, profilometer
type devices are a more commonly used instrument for the recording of sink mark
data. Modem surface measuring instruments can be coupled to computer systems to
help with data acquisition, compilation and manipulation.
Little work has been done to test regression models against process results,
e.g. the validation of the models. Further, it appears that . no effort has been
documented to connect predictive modeling methods to process control
methodologies.

CHAPTER3

METHODOLOGY
Introduction
In order to meet the research objectives outlined in Chapter One,. a
· methodology including experimentation, data collection and analysis was developed.
The procedures discussed below include the design of the experiment (DOE), the
production of products, the measurement of sink mark depths, the analysis of data and
the regression method used. This methodology was designed in such a manner as to
be easily expanded into a greater study of sink mark behavior in injection-molded
products.
Experimental Design
The experiment consisted of a full factorial design having four factors
(independent variables) and sink mark depth as the response (dependent) variable.
The factors were selected based upon the influential factors identified during the
review of published literature. While the primary response variable was the measured
sink mark depth, expected co-variants were also sampled, such as machine hydraulic
pressure, end-of-fill cavity pressure, and mold surface temperature. The literature
review revealed that extensive . research has been conducted using Acrylonitrile-
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Butadiene-Styrene (ABS). To allow for informal comparisons, this material was
chosen for the experiment. Specifically, Dow Chemical's Magnum™ 545 was used.
Factors selected for the experiment included the injection molding machine
barrel temperature setting, the setting of the coolant temperature, the thickness of the
injection molded part, and the pack and hold pressure. The levels of these variables
were determined using the polymer manufacturer's suggested settings, and the various
published guidelines for rib-to-wall ratios for sink mark prevention. The factors and
their levels are summarized in Table 1. The information in this table is reproduced
along with additional information in Appendix A.

Table 1
Summary of Experimental Factors
· Independent
Variables

Low

Mid

High

Rib/Wall Ratio

1:1
1.5mm
(.06 in)

1:2'
3mm
(.12 in)

Barrel Temperature

249° c
(440° F)

276 ° C
(480° F)

Coolant Temperature

32 ° c
(90° F)

54 ° C
(130° F)

. Pack Pressure

2.76 MPa
(400 PSI)

4.83 MPa
(700 PSI)

6.89 MPa
(1000 PSI)

The first factor in the experimental design was the rib/wall thickness ratio,
generally referred to as the rib/wall ratio. The literature review found that most
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Part Design
The part was designed to assure the production of part that would exhibit sink
marks. The part was a flat plate measuring 51 by 76mm2 (2 by 3 inches square). A
4.76mm (3116th inch) tall rib was on one side of the part. The rib was 1.5mm (1/16
inch) thick. As discussed above, the rib was such that the thickness of the plaque
could be adjusted to provide the desired rib-to-wall ratios. To assure ejection, four
cylindrical bosses were located off the comers of the part. The surface of the part was
not textured in order to assure good measurability of minute surface changes. Figure
10 shows the geometry of the part (a test plaque) and Figure 11 is a cross-section
through the part showing the expected location of sink mark formation.

!Sink

Gate

Figure 11. Cross-section of the part showing the location of the
gate, rib and sink mark location.
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Cooling circuits were cut into the A and B halves of the tool. Cooling on the
A half of the tool was accomplished with a circuit that encircled the inserted bottom
of the cavity. This circuit incorporated a bubbler to ensure water flow through the
entire wedge. Cooling line diameter was 3/8 NPT;
Molding Machine
The injection-molding machine used during experimentation was a 1992 Van
Dorn HT. The press had a hydraulic toggle clamping system capable of a maximum
clamping force of 77 metric tons (85 tons). During experimentation, the machine
used a Van Dorn-supplied 35mm (1.375 inch diameter) gene�al-purpose screw and a
ring-type non-return valve. The injection capacity of the injection-molding machine
was 20.6 cc (5 oz).
Secondary Equipment
In order to properly support the injection molding process, various pieces of
secondary equipment were required. · An Autoload hopper loader was used for resin
handling. A LaRos conveyor removed parts from the press after they were ejected
from the mold. Water was monitored on all circuits for flow rate, input and output
temperatures, and pressure lost through the circuit. The injection molding work cell
was further supplemented with a data collection system, scale and a computer.
The data collection system was built to collect various process data from the
mold and the injection-molding machine during the molding process. The system
utilized LabView Data Acquisition Software to collect information on end-of-fill
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cavity pressure, injection molding machine hydraulic pressure, and mold temperature
in the area of the expected sink mark.
As noted above, sample parts were· collected after the process had been
declared stable based upon part weight measurements. In order to reduce the size of
the collected process . data, acquisition was not continuous through the molding
sessions.. Process data collection using the data acquisition system was initiated once
part sampling had begun. Sampling frequencies of 100 and 10 and 1 sample per
second were tested. A data sampling frequency of 10 samples per second was found
to keep file sizes to a minimum without a loss of resolution in the pressure curves.
Sample pressure curves for each treatment are located in Appendix C.
Process Development
Prior to experimentation, a process was developed. that would allow for the
consistent molding of parts at all combinations of factor levels. This was necessary in
order to assure that once the experiment began, there would be no interruptions due to
combinations in the experimental design that could not be molded. On-machine
rheology experiments were conducted in order to determine the appropriate injection
speed for the material used in the experiment. A gate seal study was also performed
in order to ensure proper freezing of the gate for repeatable processing.
Product sampling was performed with the injection-molding machine to
confirm that the tool would produce satisfactory parts at all combinations of factor
levels. In order to be usable for the experimentation, the parts were required to be
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completely molded with no visually detectable molding defects on the measurement
surface of the plaque.
During this sampling it was further verified that these setting provided
acceptable melt and mold surface temperatures. These temperatures were sampled
with an Omega hand-held pyrometer (model HH21). To reduce measurement error
and decrease reaction time, the pyrometer was preheated to the approximate
temperature of the surface to be measured.
Molding
Experimentation was begun after the molding process had been established
and' a randomized order of treatments was generated. All treatments were
randomized
'
with . the exception of the barrel temperatures.

Since modification of the barrel

temperatures (and hence the melt temperatures) would require the longest
stabilization periods, efforts were made to keep to a minimum the number of barrel
temperature changes. This resulted in two barrel temperature changes each day of the
experiment.
Molding was conducted over three consecutive days. In order to determine
day-to-day process variation, five replicate treatments were performed.

These

replicates were run at the beginning of days two and three and near the end of each
day.
Molding for each treatment began with the establishment of the process per
the DOE. Once the values for each factor had been entered in to the machine
controls, the injecti,on-molding machine was set to automati,c cycling. Parts were
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production day, the boxes were placed in a controlled environment for a minimum of
72 hours. This delay was to allow for stabilization of dimensional shrinkage prior to
measurement. The environment was controlled to 50+/-5% humidity and 21+/-1.7 ° C
(70 +/-3 ° F).
Sink Mark Measurement
The measurement system used was a Mitutoyo Surftester.
samples the texture of a surface along a straight line.
equipment would be a surface profilometer.

This device

An equivalent piece of

The device uses a moving stylus

attached to a strain gauge to measure changes in surface shape. The stylus is moved
across the surface by means of a motorized drive. Figure 14 shows the configuration
of the measurement system.

Figure 14.
Photograph of the Mitutoyo Sufacetester®
measurement system including the laptop computer for data
acquisition. (Source: author)
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In order to ensure repeatability in measurements, a fixture was built to hold
the parts during surface measurement. Steps were taken to ensure that the parts were
level as well · as square to the direction of measurement (stylus movement). The
fixture was built to allow for leveling the parts relative to the stylus motion. Raw data
from the part profile measurements are located in Appendix E.
Prior to the measuring of the parts molded during experimentation, a gage
repeatability and reproducibility (R&.R) study was conducted to determine the
variability of the measuring system. Ten parts were selected from the parts molded
during the stabilization periods of the experimentation. Each part was measured three
times for three consecutive days. Analysis of variance (ANOVA) methods were used
to determine effects of the sources of measurement variation. Sources were to be day
to-day variation, the gage, and the parts them selves. It was found that the parts
contributed 98% of the measurement variation. It is typical in the .automotive industry
to accept gages with R&R with as low as 60% of the measurement variation
attributable to the parts.
As previously mentioned, production parts were stabilized in a temperature
and humidity controlled environment for · a minimum of 72 hours prior to
measurement. Prior to measurement, each part was leveled to within 0.02mm over
12.5mm of travel relative to the stylus motion; The parts were then measured using
the Mitutoyo Surftester.
The · number of sample parts measured for analysis was determined using
equation (Eq. 3). The mean and standard deviati�n of the sample was established
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from preliminary study of the sink mark measures. Two treatments were measured ten
times each to provide two separate samples. It was found that· 10 parts were required
. to establish a level of precision of 5%.

n=[ z½ xax ]

2

(Eq. 3)

SxX

Where:

z = z-value from normal tables
cr = Standard Deviation of the sample
S = Level of precision(+/.:. S%)
X = Mean of the sample

Twelve parts from the thirty parts collected for each treatment were randomly
selected for measurement. The collected data for each profile trace were stored using
the Mitutoyo data collection software. Files were named using the treatment number
and sample number measured, i.e. the data file for sample 12 from treatment 9 was
named "09-12.S2D". Each profile was then analysized to determine the depth of the
sink mark. These data were compiled in a single qatabase along with the treatment
and factor levels and values. The contents of this data set are listed in Appendix F.
Analysis and Regression
The statistical analysis software Statisica (StatSoft, 2003) was used for data
validation, analysis and model building. The data were validated using graphing and
way analysis of variance (ANOVA) methods.
discussed in the following chapter, Findings.

These results of all analyses are
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After validation, the data were partitioned into model building and validation
sets. Linear regression methods were used on the model building data to construct
multiple models of the relationship between the factors and sink mark depth. These
models are presented later in this paper.
The predicted sink mark depths were then compared to the observed values in
the validation data.

This validation was performed for each model.

Various

comparisons were made between the models using different measures of model
accuracy.

These comparisons and the models themselves are discussed in the

chapters Findings and Conclusions and Recommendations.
Summary
The methods discussed in this chapter detail a procedure that was developed
for the collection of data pertaining to sink mark depth as determined by the
independent factors included in the DOE. Efforts were made in the design of this
methodology to either minimize the effects of noise variables or to uniformly
distribute them among the treatments. The design was developed to allow for the
identification of any uncontrolled day-to-day process variance.

A measurement

method was developed for the accurate, repeatable and reproducible measurement of
sink mark depth.
In addition to it application in this study, the methodology can be further
expanded for other, more detailed, research. For this initial feasibility study, four
factors were chosen for the DOE, only one factor having more than two levels. This
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limited regression techniques to linear methods. However, expanded studies could
follow other methods of model building.

CHAPTER4

FINDINGS
Introduction
To build an accurate model, the researcher must first determine that the data
set is reliable. The data are then analyzed to determine significant contributors to the
behavior being modeled. After data verification and analysis, model building begins.
This chapter discusses the data, the results of the analysis of the data as well as the
construction of the models constructed. The accuracies of three models are also
discussed.
Data Verification
Once the data have been collected and assembled into a single data set (see
Appendix F) consisting of treatment, factor, and sink mark depth, the data were
checked for validity. To determine if any large trends or effects could be seen in the
data, and to determine if any large-scale defects were in the data, all sink mark depths
were plotted in the order in which they were molded (Figure 15). This graph shows
that shifts did occur in the data and that they may be· attributed to treatment group.
Further, no large scale shifts existed that look suspicious in nature.
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depths were close to the observed values, and deeper sink mark depths appeared to
drift farther from what was observed in the experimentation.

Natural Logarithm of Sink Mark Depth
In an attempt to make the residuals more uniform across the ·model,
transformations were attempted on the data. Since the sink mark depth response in
certain interactions appeared to be logarithmic, the sink mark depth was transformed
using the natural logarithm function. Regression methods were then reapplied to the
data. The coefficients and iritercept of this model are shown in Table 5 under
"MODEL 2".
The use of the transformed sink mark depth improved the fit of the model.
The R2 value increased to 0.88. Accordingly, a plot of the residuals showed an
improved residuals distribution, with more uniformity apparent in the distribution of
the residuals across the levels of sink mark depth.

Natural Logarithm of Pack Pressure and Sink Mark Depth
From the 4-way interaction effects plots, Figure 20 �d Figure 21, it was seen
that the response of sink mark depth to pack pressure for low rib/wall ratios was non,

'

' •

linear. In an attempt to transform this response to a more linear behavior and further
fit the model to the data, the pack pressure was also transformed using the natural
logarithm. Regression methods were again used to construct the model with the
coefficients and intercept list under "MODEL 3" in Table 5.
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. This model exhibited an ,even higher R value, indicating that 92% of the
2

variability in the data was accounted for by the model. While the objective for the R2
score was met, the model consisted of 15 components including the intercept. Further
techniques were used in an attempt to remove ineffective terms from the model.

Forward Stepwise Model Building
. Regression methods were once again . applied to the data using the same
dependent and predictor variables as Model 3. For constructing this fourth model, the
forward stepwise component selection method was used. A p-value of 0.05 was used
as the component selection criterion.
This method resulted in four components being removed from the model.
These

included

Coolant

Temperature,

the

two-way

products

of Barrel

Temperature*Coolant Temperature and Coolant Temperature*Rib/Wall Ratio as well
as the three-way products of Barrel Temperature*Coolant Temperature* Rib/Wall
Ratio. The coefficients of this model are shown under the heading "MODEL 4" in
Table 5.
With the removal of four terms, the new model resulted in a reduction of the
· R2 statistic to 0.91. The residual and predicted value plots were very similar to those
for Model 3. The four terms removed appear to have little practical effect on mean
sink mark depth.
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Backward Stepwise Model Building .
The backward stepwise method was also used in an attempt to reduce the
number of components in the model. Again the same variables were used and the
selection criterion was a p-value of 0.05. This method removed a single component
from the model, the three-way product of Barrel Temperature*Coolant Temperature*
Rib/Wall Ratio. The coefficients are listed in table 4 under "MODEL 5". The
\

removal of a single component affected a very marginal change in the fit of the model
compared to Model 3. The R2 statistic changed from 0.916029 to 0.916024.
Model Validation
The R2 statistic used during model building is a measure of how well the
model fits to the data from which it was constructed. However, for model validation
a statistic was required to compare the model to the validation data set. The statistics
Mean Absolute Deviation (MAD), Mean Square Error (MSE) and Mean Absolute
Percent Error (MAPE) were chosen for model validation. The equations for these
measures of accuracy of model prediction are detailed below in Equations 4, 5 and 6.

1
MAD=n

L'IY;-Y;"I
n

i=I

(Eq. 4)
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l
MSPR = n

MAPE = .!_
n
:
For Eq. 4, 5 and 6:

L (r;-r;'"\2
n

(Eq. 5)

i=I

:t[ (r;-r; f;)• ]
1=1

(Eq. 6)

r; = the observed value for observation i

Y; = the observed value for observation i
n = the number of observations
Microsoft's Excel spreadsheet software was used for the calculation required
during model validation. The behavior of each model was first evaluated to verify
that they responded appropriately to changes in the inputs. For example, it was
confirmed that did changing the water temperature affected the sink mark depth as
described in the four-way effects plots.
The validation data set was entered into a spreadsheet. All five of the models
discussed above were used to construct a table of values to build a table of residuals.
Calculations ·were then performed to establish the MAD, MSE and MAPE for each
model. Theses results are for each model in Table 6 along with the number of terms
in each model.
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Table 6
Summary of Appropriateness of Fit Measures
Original

Model 2**
ln(sink)

Model 3**

R2

0.830862

0.884424

MAD (mm)

3.25E-04

MSE (mm)

Model 4**
Forward

Stepwise

Model 5**
Backward
Stepwise

0.916029

· 0.908401

0.916024

2.96E-04

2.57E-04

2.58E-04

2.56E-04

2.54E-07

2.45E-07

1.73E-07

1.77E-07

1.72E-07

10.37%

8.78%

7.72%

7.85%

7.72%

16

16

16

12

15

Model 1

MAPE

Number of terms

ln(sink)
ln(p.p.)

Summary

It was desired that the model would have an R2 score of at least 0.90; hence
greater than 90% of the variability in the data would be explained by the model. In an
attempt to further improve the model, transformations were made to the independent
variables. The most successful of these transformations was the natural logarithm of
the sink mark depth and pack pressure. The resultant linear regression model had an
R2 score of 0.92. Forward and backward stepwise model building methods were also
used resulting in a reduction of components in the model.

CHAPTERS

CONCLUSIONS AND RECOMMENDATIONS
Introduction
The purpose of this work was to develop a model of the behavior of sink mark
depth that could be applied in a system of industrial process controls. A methodology
was developed to collect information about the behavior of sink mark depth in
response to predictor variables. From this data, multiple models were developed to
predict the behavior observed. In this conclusion,� the usefulness of the models is
discussed and recommendations are made for further investigations.
Conclusions

Accuracy of the Models
Data analysis and subsequent regression analyses resulted in the development
of multiple models of sink mark depth behavior measure on injection.:.molded
plaques. These models were summarized in Table 5 located in Chapter 4. Three
models were developed that were able to predict greater than 90 percent of the
variability in the behavior of sink mark depth investigated during experimentation.
The first of the three models to exhibit an R2 score of greater than 0.90
required the use of all component of variability in a full factorial design (Model 3).
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This required the use of all 16 components in the equation, including 15 coefficients
and the intercept. This model had the highest R2 value, but was the longest of the
three higher-accuracy equations.
The smallest model, Model 4, was constructed usmg forward stepwise
method. This resulted in the removal of four terms. While the R2 score of this model
was 0.008 lower than Model 3, it was still considered attractive because of the
reduction in the amount of calculation. However, one of the terms removed from the
equation was the coolant temperature. While this factor was found not to be a
significant predictor in this research (Table 5 Chapter 4), the review of literature had
found coolant temperature to be a significant contributor to sink mark depth. The
removal of this term may cause inaccuracies in broader applications of the model.
Model 5 was developed using backward stepwise model building methods.
These methods resulted in the removal of a single term from the equation, slightly
reducing the size of the model and leaving the predictive scores of the model mostly
unchanged.
Because the removal of the coolant temperature factor in model 4 may not be
practical, both Model 3 and Model 5 were determined to be acceptable for use in the ·
prediction of sink mark depths. If the removal of a single term from the model were
to result in faster analysis, Model 5 would be more useful.
However, the effe�t of the removal of the single term would be minimal. The
term removed by Model 5 is a product of three of the main factors. The removal of
the term does not reduce the amount of data collected, but only reduces the
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calculation time. When the model is applied in a machine control system, this
calculation would be performed by software. Hence, the benefits of the removal of the
term were minimal.

Usefulness of the Models
The models developed in this study were based upon easily obtainable and
measurable process and product design variables. The process values for barrel
temperature, coolant temperature and pack pressure are currently monitored in most
industrial injection-molding applications. The product design factor rib/wall ratio can
be measured from a sample part. These data could easily be collected in a machine
process control system that could control a process to maintain desirable sink mark
depths.

ln(Sink Depth)= 13.965-0.097B-0.145C-12.0l IR-30.6731n(P)
+0.00 l(B* C)+0.07I(B* R)-0.067(C * R)
+0.I30(B *ln(P))+0.394(C*ln(P))+27.498(R *ln(P))
+0.0O0I(B*C* R)-0.002(B*C* In(P))-O.I20(B* R* In(P))
-0.3 I 4(C* R* In(P ))+0.00 I(B* C* R * In(P))

Where:

B = Barrel Temperature (° C)
C = Coolant Temperature (°C)
R = Rib/Wall Ratio
P = Pack Pressure

(Eq. 7)
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For example, under given process conditions and with a known rib/wall ratio,
the required pack pressure can be determined to achieve a desired level of sink. By
rewriting Model 3, shown in Equation 7, this pack pressure can be determined using
Equation 8. As the control system senses changes in the barrel temperature and
coolant temperature, adjustments could be made to the pack pressure to. prevent the
molding of part with unacceptable sink marks. This would result in an increase of the
efficiency and reliability of the molding operation.

• Pack Pressure = e

Where:

13.965-0.097 B-0.145C-12.01 IR+0.00l(fi*C}+0.071 (B*R )
-0.067 (C*R)+0.000I(B*C*R)-nl{Sink Depth)
]
[
30.673-0.130(B)-0.394(C)-27.498(R)+0.002(B*C)
+0.120(B*R)+0.314(C*R)-.00I(B*C*R)

(Eq. 8)

B = Barrel Temperature (° C)
C = Coolant Temperature (° C)
R = Rib/Wall Ratio

Absence of Cavity Pressure in the Model
Review of the. existing literature revealed that the pressure of the plastic melt
inside the cavity was a good indicator of existence of sink marks. However, the best
location to monitor cavity pressure was at the location of the sink mark. It is known
that most current methods of monitoring cavity pressure result in the creation of
witness lines or mark-offs on the surface of the molded product.

Sink marks are generally considered to be defects when they exist on Class-A
show surfaces; therefore, mark-offs would not be acceptable. For this reason, the
models developed in this research avoided the use of cavity pressure as a predictor of
sink mark depth. In this research pack pressure (a determinant of cavity pressure) was
found to be sufficient for prediction of sink mark depth. However, _wall thickness,
material temperature, and flow length each affect melt pressure and should be
included in any model that does not include cavity pressure.

Non-Linearity Within the Factors
Of the four predictor variables, only pack pressure was investigated at more
than two levels. Therefore, any non-linear effects in the data could only be observed
in the association with pack pressure. In certain combinations with the other predictor
variables, pack pressure exhibited a non-linear effect on sink mark depth.
Natural logarithms were used to better fit the model to the collected data.
These transformations were responsible for the increase in the accuracy exhibited by
the three higher accuracy models. However, non-linear methods would develop
models with higher prediction accuracies.

Methodology
As discussed in Chapter 1, this research was designed to be a· limited initial
study in the feasibility of sink mark depth prediction based upon process variables.
The models developed following the methods outlined here were able to accurately
predict the depths of sink marks formed in the tool used in this investigation. The
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high accuracy prediction capabilities of these models are witness to the validity of
these methods. The methodology developed• and validated within this paper can be
expanded upon for more extensive research into process machine control systems to
reduce the appearance of sink marks.
.,

Recommendations
This research developed a simple model of sink mark depth based upon
currently measured process variables.

The scope · of the research was therefore

intentionally limited. There are many areas were the research could benefit from
further work.
ABS was used in much of the previous work in sink mark modeling; this
research also used ABS resin for the molding of all parts. However, ABS is a
complex resin in structure and exhibits complex shrinkage reactions to thermal
conditions.

It is known that there are significant differences in the volumetric

shrinkage of different polymers. In order to build a model with broader use, the
effects of different crystal structure should be included in the model. Therefore, the
effects of semi-crystalline and amorphous resins should be compared though
experimentation. The use of resins with less complex structures than ABS, such as
polypropylene and polystyrene, is also suggested
Rib/wall ratios were change in this research by changing wall thickness of the
product. It· is known that the wall thickness affects the sink mark depth by changing
the amount of melt pressure available at the location of the sink mark. Combinations
of wall thicknesses and rib/wall ratios should be investigated.
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The mold used in this research had a fixed distance between the gate and the
location of the rib. Melt pressure in the polymer decreases as flow distance increase
from the gate increases. The further the sink mark location is from the gate, the less
pressure there is available to pack out the sink mark. Various
gate-to-rib distances
'
should be evaluated.
It was found that the single factor that was evaluated at more than two levels
was non-linear. The linearity of the other factor should be determined. Factors used
in the construction of the models should be investigated at more than two levels.
The visual appearance of a sink mark is not necessarily based solely upon the
depth of the sink mark, but also about the width of the mark. A deep sink mark may
be less visible if the mark is spread across a large area. Any control system to control
the production of visually acceptable sink marks should include the prediction of sink
mark width as well as depth. Research should be conducted to build models to
predict the width of the sink mark.
The models developed in this research were capable of accurately predicting
sink mark depth. The incorporation of any of the recommendations above should
improve the models. However a control system should be constructed to validate the
effectiveness of the model in an ·actual molding process. The models and control
system should be tested for effectiveness.
The models and control system should eventually be validated using human
subjects. The validation criterion ·is simple: "Can you see the sink mark?" The true
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measure of success should always be the customer's approval. For in the end, it is the
customer that determines the acceptability of sink marks.
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Appendix A
Design of Experiment and Experiment Support Information
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FACTOR LEVELS
Independent
Variables

Source

Low

Part/Tool Design

1:1
(~3.0 mm)

1:2
(~1.5mm)
-

Material Temp.
(BARREL TEMPERATURE)

Process

L
249 °C

H
227° C

Tool Temperature
(COOLANT
rTEMPERATURE)

Process

L
(32° C)

H
(54° C)

Pack Pressure
(PSI)

Process

Rib/Wall Ratio
(WALL THICKNESS)

Mid

L
M
(2.76 MPa) (4.83 MPa)

High

H
(6.89 MPa)

Assumptions:
1 O setups can be run in one day
Cycle time is 20 seconds
Machine warm up will require 60 minutes.
Initial stabilization will be approximately 70 minutes.
Change Stabilizations will be as noted on the DOE
Spreadsheet.
Decreasing.material temperatures stabilization will
· be
- 30
minutes.

74
Summary of Material Usage
Shots
Predicted Cycles: 2934
Actual Cycles: 3701
Purge: 102
Total Material: 3803
Difference:

768

Kilograms Pounds
75.20
34.18
44.29
1.22
45.51

97.44
2.69
100.13

11.33

24.93
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Appendix C
Sample Hydraulic and Cavity Pressure Curves
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Appendix E
Part Profiles

101

114

AppendixF
Data Set

121
Run Sample

Pack
Barrel
Coolant
Depth
Rib/Wall
Barrel Coolant Rib/Wall Pack
Pressure
Temperature Temperature
Ratio
(micro in.)
Temp Temp
Ratio Pressure
(MPa)
("C)
("C)

21

9

21

10

21

11

21

12

22

1

22

2

22

3

22

4

H
H
H
H
H'
H
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L

22

5

L

22

6

22

7

22

8

22

9

L
L
L
L
L
L
L
L
L
L
L

19

7

19

8

19

9

19

10

19

11

19

12

20

1

20

2

20

3

20

4

20

5

20

6

.20

7

20

8

20

9

20

10

20

11

20

12

21

1

21

2

21

3

21

4

21

5

21

6

21

7

21

8

22

10

22

11

22

12

23

1

23

2

23

3

23

4

H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
L
L
L
L
L

L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
H
H
H
H

H
H
H
H
H
H
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

M
M
M
M
M
M
H
H
H
H
H
H
H
H
H
H
H
H
L
L
L
L
L
L
L
L
L
L
L
L
M
M
M
M
M
M
M
M
M
M
M
M
L
L
L
L

107.2

249

54

1.0

4.83

249

54

1.0

4.83

107.8

249

54

1.0

4.83

109.5

249

54

1.0

4.83

106.2

249

54

1.0

4.83

109.3

249

54

1.0

4.83

107.8

227

54

0.5

6.89

86.0

227

54

0.5

6.89

83.0

227

54

0.5

6.89

84.3

227

54

0.5

6.89

86.5

227

54

0.5

6.89

82.7

227

54

0.5

6.89

83.9

227

54

0.5

6.89

82.6

227

54

0.5

6.89

82.3

227

54

0.5

6.89

85.4

227

54

0.5

6.89

79.3

227

54

0.5

6.89

82.2

227

54

0.5

6.89

82.5

227

32

0.5

2.76

252.6

227

32

0.5

2.76

181.5

227

32

0.5

2.76

201.0

227

32

0.5

2.76

264.1

227

32

0.5

2.76

233.6

227

32

0.5

2.76

198.6

227

32

0.5

2.76

214.1

227

32

0.5

2.76

201.6
236.7

227

32

0.5

2.76

227

32

0.5

2.76

200.7

227

32

0.5

2.76

254.2

227

32

0.5

2.76

234.8

227

32

1.0

4.83

55.4

227

32

1.0

4.83

50.9

227

32

1.0

4.83

53.7

227

32

1.0

4.83

52.9

227

32

1.0

4.83

52.5

227

32

1.0

4.83

52.8

227

32

1.0

4.83

53.7

227

32

1.0

4.83

51.0

227

32

1.0

4.83

48.8
51.3

227

32

1.0

4.83

227

32

1.0

4.83

51.7

227

32

1.0

4.83

48.8

227

54

1.0

2.76

104.5

227

54

1.0

2.76

105.5

227

54

1.0

2.76

104.7

227

54

1.0

2.76

101.2
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